Approximately 500 loci responsible for genetic disease in the mouse have been described and mapped during the past 80 years -the so-called 'classical mutations' of the mouse 1. As a result of progress in genetic mapping and molecular technology, these interesting genes have become accessible to molecular analysis 2 The relevance of these loci to human disease was recently underscored by the demonstration that the molecular defects in the mouse mutants Small eye 3, Splotch 4, and retinal degeneration slow 5 are homologous to those in the human disorders aniridia3, Waardenburg syndrome6, 7 and one form of retinitis pigmentosa 8, respectively. The most successful method to date for identification of the mutated genes in the classical mutants has been genetic mapping of candidate genes near the mutant loci. More than 15 mutations have been identified in this way during the past three years.
Approximately 500 loci responsible for genetic disease in the mouse have been described and mapped during the past 80 years -the so-called 'classical mutations' of the mouse 1. As a result of progress in genetic mapping and molecular technology, these interesting genes have become accessible to molecular analysis 2 The relevance of these loci to human disease was recently underscored by the demonstration that the molecular defects in the mouse mutants Small eye 3, Splotch 4, and retinal degeneration slow 5 are homologous to those in the human disorders aniridia3, Waardenburg syndrome6, 7 and one form of retinitis pigmentosa 8, respectively. The most successful method to date for identification of the mutated genes in the classical mutants has been genetic mapping of candidate genes near the mutant loci. More than 15 mutations have been identified in this way during the past three years.
Another useful approach to identifying the molecular basis of interesting mouse mutants is the analysis of insertional mutations. These mutations are geneiated when foreign DNA becomes integrated within a functional gene and prevents or alters its expression. The foreign DNA can subsequently be used as a molecular tag to clone the disrupted gene. Spontaneous insertion of retroviral-like elements can produce mutations, as observed for alleles of the dilute 9 and hairless 1° loci. Genes may also be interrupted experimentally as a result of the random insertion of foreign DNA during the production of transgenic mice by microinjection of fertilized eggs or retroviral infection of embryos (see Inserti0nal mutation of 'classical' and novel genes in transgenic mice
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Approximately 596 of established transgenic lines carry insertional mutations. The mutated genes may be directly isolated using the transgene DNA as a molecular probe. These mutants provide useful models of human inherited disorders and developmental abnormalities.
R. Beddington, centerfold of this issue). The overall frequency of insertional mutation in transgenic lines, including visible mutations and prenatal lethals, has been estimated 11-13 to be between 5% and 10%. The visible mutations are of particular interest as models for human disorders. Genomic libraries can be prepared from insertional mutants and screened with the transgene as probe, in order to recover sequences from the insertion site which should include the disrupted gene. Insertional mutations thus offer a direct route from a complex genetic abnormality to the underlying molecular defect.
Insertional mutation of'classical' loci
A number of visible transgenic mutations have been found to be allelic with classical mutations (Table 1) . In one series analysed in my laboratory, animals from transgenic lines generated by microinjection were examined at four to six weeks of age for visible abnormalities in external appearance, behavior and internal organs. We detected two dominant phenotypes among 200 lines tested (coat color and circling behavior) and three recessives among 120 lines (motor neuron disease, kidney agenesis and hair loss). Genetic mapping and complementation analysis indicate that three of the five represent re-mutation of the classical loci Stee114,Twirler and hairless ( Table 1 ). The high proportion of classical loci mutated in our lines is not unique. Among 23 visible, viable transgenic mutations that have been described, there are 13 mutations at previously known loci (Table 1) and 10 mutations at new loci (Table 2) . One factor contributing to the re-isolation of classical mutations is the method of ascertainment. Mutations are detected in the subset of genes for which inactivation can result in viable (i.e. livebom) animals with visible abnormalities. Most of the classical loci were originally identified as spontaneous mutations by a similar analysis of large numbers of mice at facilities such as the Jackson LabQratory, Harwell and Oak Ridge. The fact that roughly half of the visible insertional mutations are allelic with classical loci suggests that half of this subset of genes have already been 
Identification of new loci
Insertional mutagenesis is also a powerful method for identification of previously unknown mouse loci. Some recent examples are listed in Table 2 . The new mutants include models for kidney failure, motor neuron disease and infertility. Genetic mapping and phenotypic description of these mutants will expand the list of mouse models. Compared with other types of mutations, the chromosomal mapping of insertional mutants is greatly facilitated by the ability to use the transgenic sequences as linkage markers and as probes for fluorescence in situ hybridization (FISH) of metaphase chromosomes.
A partial list of recessive prenatal lethal insertional mutations is included in 
Isolation of the interupted genes
A general approach to the cloning of interrupted genes is outlined in Box 1. Although the procedure is straightforward, practical problems can complicate the process. The presence of repetitive sequences around the insertion site can make it difficult to isolate singlecopy flanking sequences. While some microinjected fragments produce simple insertions, deletions around the insertion site11,13,17 may remove some or all of the interrupted gene. Rearrangements at the site of insertion, including inversions TM The cloned transcripts that have been isolated are of considerable interest. For example, mutations a(the situs inversus viscerum locus disrupt the normal development of asymmetry of the viscera. Transgene sequences from the legless mutant were used to isolate transcripts that appear to be allelic with situs inversus 2° and will contribute to understanding an important developmental process. Cloning of the insertion site from the limb deformity mutant led to the discovery of a new class of structural proteins designated formins 21, which are present in a wide variety of cells. The product of the daute locus was found to be a novel myosin heavy chain which is expressed at high levels in neurons. Attempts to isolate other loci in Table 1 are in progress. The success rate of this cloning strategy should become clear within the next few years.
Is the frequency of visible mutations consistent with random insertion of microinjected transgenes?
At first glance, the frequency of visible mutations in transgenic lines, and the frequency of re-mutation of classical loci, may appear surprisingly high. It is possible to make a very rough estimate of the expected rate of such mutations. It is assumed that most insertions into genes will result in null alleles. The target for generation of visible mouse mutations, as discussed above, appears to be approximately 1000 genes, or 1% of the estimated 105 genes in the mammalian genome. If we also assume that the average gene length is 104 bp, sufficient to encode a protein of 30 kDa with a 10:1 ratio of noncoding to coding sequence, then 30% of genomic DNA will be intragenic. Under these assumptions, 30% of random insertions will disrupt a gene, and the frequency of visible mutations in transgenic lines would be 1% of 30%, or 0.3%. Observed rates of visible mutations, 3% in our lines and 1.5% (2/139) as reported in Ref. 11, exceed the estimate by five-to tenfold. Several factors may contribute to this excess, including preferential insertion into genes, underestimation of the target for visible mutations, and disruption of more than one gene by a significant proportion of insertions. In view of the uncertainties associated with these estimates, it would be premature to propose that insertion is not random.
Box 1. From phenotype to gene: identification and analysis of insertional mutations in transgenic mice
(1) Examine transgenic heterozygotes from established transgenic lines for internal and external abnormalities indicative of dominant mutation.
(2) Cross heterozygous transgenic mice and screen their offspring to detect recessive mutations.
(3) Determine the chromosomal localization of mutations by FISH or linkage analysis of transgene DNA.
(4) Test complementation of any classical mutant with a similar phenotype that was previously mapped to the same chromosome region.
(5) Screen a library of genomic DNA from the insertional mutant using a transgene probe, to isolate mouse DNA flanking the insertion site.
(6) Isolate the wild-type allele by screening a mouse genomic DNA library with a probe from the flanking sequence.
(7) Identify exons in the flanking DNA and/or wild-type allele by available methods including sequence analysis, zoo blot, northern blot, screening of cDNA libraries and exon trapping; analyse protein sequence.
(8) Identify the molecular defect by comparison of wildtype and mutant alleles.
(9) If the insertional mutation appears to be allelic with a classical mutant, identify the molecular lesion in the spontaneous mutant allele, or correct the defect with a wildtype transgene.
Prenatal lethal mutations appear to account for more than 75% of insertional mutations11,16. As many as 10% of transgenic insertions may result in lethal mutations, a frequency similar to that observed for insertional mutation in the yeast genome. The issues of mutation rates, target sizes and random versus preferential insertion should be re-examined as more data become available for visible and lethal insertional mutations, and for retroviral inserts compared with microinjected transgenes.
Gene trapping and homologous recombination
When mutagenesis is the primary purpose for generating transgenic animals, mutation rates can be increased by microinjection of embryonic stem (ES) cells with 'gene trap' constructs and preselection for expression of the constructs resulting from insertion into genes24, 25. Among 24 transgenic lines recently generated by this method, the mutation rate was 38%, with nine prenatal lethal mutations and no visible mutations26~ In another recent study, three gene trap inserts were bred to homozygosity and two were associated with perinatal lethality ~7.
Targeted inactivation of genes by homologous recombination is another important method for analysing the molecular basis of complex phenotypes 16. The experimental control of the molecular lesion is ideal for interpreting mutant phenotypes. However, this method is limited to genes that have already been cloned, and cannot be used to discover Another useful innovation is the co-injection of tyrosinase with the transgene of interest, which makes it possible to recognize transgenic heterozygotes and homozygotes by visual inspection of coat color rather than analysis of DNA 29.
Future prospects
Thousands of transgenic mice are currently being generated for research on a wide variety of biological topics. These animals represent a valuable resource, with their high rate of molecularly accessible mutations. Realization of this potential will require systematic analysis of many transgenic lines, including crosses to generate homozygotes. At institutions where large numbers of transgenics are generated for multiple investigators, organization of a central screening facility would facilitate the detection of mutants. Screening transgenic mice with sophisticated diagnostic techniques to detect specific classes of defects, such as hearing or vision disorders, is also likely to be very productive. One largescale mutagenesis project is currently in progress at the Oak Ridge National Laboratory, under the direction of Richard Woychik. We can anticipate that the list of transgenic models in Tables 1 and 2 will be greatly expanded in coming years.
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Rice Genome Newsletter
The Rice Genome Research Program has begun to produce a newsletter, Rice Genome, which aims to in~sted in mapping and analysing plant genomes. The main objective is to enhance research efforts for rice genome analysis and for the isolation and utilization of useful rice genes in plant breeding and biotechnology. The newsletter is available free of charge. 
